We perform a theoretical study for the measurement of short-pulse highintensity x-ray sources through the x-ray emission processes from multi-innershell excited states (1s   2   2s 2 2p k 3s 2 3p 2 , k = 1-4) and hollow atoms (1s   2   2s  2 3s   2   3p 2 ) of Si. We discuss the effect of weak-intensity long-pulse x-rays mixed with high-intensity short-pulse x-rays and the ratio of the x-ray emission from multiinner-shell excited states with that from hollow atoms.
Introduction
Recent rapid progress in high intensity laser pulse technology has made possible new highintensity short-pulse (∼fs) x-ray sources such as from Larmor radiation [1] [2] [3] or radiation damping [4] due to the high intensity laser field. These x-ray sources are useful for (1) innershell ionization x-ray lasers [5] [6] [7] [8] [9] [10] , (2) the measurement of ultra-fast processes such as those occurring in material science [11] , the photoreceptors of our eyes [12] and photosynthesis [13] and (3) the production of photo-ionized plasma [14, 15] . However, it is difficult to characterize the fs pulse x-ray sources because they are mixed with weak-intensity long-pulse x-ray emission processes such as bremsstrahlung. Therefore, we concentrate on fs-pulse x-ray sources here. We should note that x-ray free electron lasers (FEL) should also produce high-intensity short-pulse x-rays [16] . The discussions here are also useful for the x-ray FEL because weak-intensity x-rays, which follow high-intensity short-pulse x-rays, continue for more than 100 fs as shown in [16] .
We have demonstrated in theory that the inner-shell excited states (IES), multi-inner-shell excited states (MIES) and hollow atoms (HA) produced by high-intensity short-pulse x-rays may be useful for the measurement of the intensity of high intensity x-ray sources. In our previous paper [17] , we treated only x-ray emissions from the IES of S and Fe ions. We have shown that the shape of the x-ray spectrum could indicate to us the photon temperature. This may be useful for x-ray astrophysics [14, 15] .
Moribayashi et al [8] have found a new characteristic for the production of IES and HA by high-intensity short-pulse x-rays. They have devised a new x-ray laser scheme using hollow atoms, which originate from inner-shell ionization x-ray lasers pumped by very high intensity x-rays. In this case, inner-shell ionization processes surpass any other atomic processes such as auto-ionization and radiation transition processes. As a result, multi-inner-shell ionizations predominate, leading to the formation of HAs. In contrast , for an ordinary x-ray source, since auto-ionization or radiation transition processes are much faster than photo-ionized processes, further inner-shell ionizations from IES seldom occur. From this characteristic, we predict that x-ray emissions from HA inform us of the x-ray intensities of high intensity x-ray sources. In this paper, we discuss their application to the measurement of short-pulse x-ray sources. We have treated soft x-rays from the photon energies of about 100-200 eV.
Atomic processes
We theoretically study x-ray spectra emitted from IES (1s 
Here Aa (3l 3l ) −1 (l, l = s or p) means the 3l and 3l electrons are removed through autoionization. We have calculated these atomic data using Cowan's code [18] where 'HartreeFock (HF)' and 'configuration interaction (CI)' methods are employed.
We encountered numerical difficulties in treating a large number of coupled rate equations associated with multiplet energy levels in the IES, MIES and HA of Si in obtaining x-ray spectra due to the decay from these excited states. The same type of difficulty occurred in the analysis of x-ray spectra emitted from hollow atoms produced by the collision of highly charged ions with a solid surface. In this case a step-by-step decay model, called the multistep-capture and -loss (MSCL) model, has been developed to describe the neutralization dynamics of Si atom (1s 2 2s 2 2p 6 3s 2 3p 2 ) hollow atoms [19] , where the multiplet structure in energy levels is approximated by using an averaging method such as the Hartree-Fock-Slater (DFS) one to reduce the number of states in the systems. In our simulation for x-ray emission from Si, we have used a model similar to the MSCL one, where configuration-averaged atomic data for energy values, transition probabilities, auto-ionization rates and photo-ionization cross sections are prepared to solve the coupled rate equations. The atomic data are averaged over the quantum numbers of spin angular momentum (S), orbital angular momentum (L) and total angular momentum (J ). The averaged transition energy (E av ) and the averaged atomic data of Aa and Ar are given by and [20] :
with
where E P is the photon energy and B (B Si ), and N (N Si ) are the binding energy (of Si atoms) and the number of the bound electrons (for Si atoms), respectively. The values of N Si are 2, 6, 2 and 2 for the 2s, 2p, 3s and 3p electrons, respectively. We use Cowan's code [18] for the calculations of PI Si . With the use of σ PI , the transition rate for PI is given by
where I is the x-ray intensity. With these atomic rates, the population dynamics of the various atomic states as illustrated in figure 1 may be investigated by the following rate equations:
where P 0 , P 1 , P 2 , . . . , P 6 are the populations of the ground state, IES, MIES, . . . , HA of Si, respectively, α m,k is the transition rate via the inner-shell photo-ionization processes from the 1.E-19
1.E-15
1.E-11
1.E-07 mth to the kth state and β k is the decay rate via Ar, Aa and PI processes in the kth state. The x-ray number (N hk ) is given by
Results and discussions
First, we should note that our model, where we have used average atomic data given in equations (9)-(11) due to too many states, can be applied for a qualitative comparison with experimental results as shown in [19] though the quantity of our calculation may not be good. Figure 2 shows the x-ray number emitted from IES, MIES and HA of the 2p electrons of Si ions as a function of wavelength listed in table 1. The marks in the figures correspond to the x-ray intensities (I = 10 14 -10 17 W cm −2 ) of 20 fs pulse x-ray sources. The increase of the wavelength implies that the inner-shell ionization processes take place more often, that is, the number of the inner-shell 2p electrons decreases. For less than I = 10 15 W cm −2 , the x-ray number of the hollow atoms is much smaller than that of inner-shell excited states. However, for more than I = 10 16 W cm −2 , both become almost the same. This means that it becomes easier to measure HA as the x-ray intensity increases.
We investigated the effect of weak-intensity long-pulse x-rays mixed with high-intensity short-pulse x-rays on the production of IES, MIES and HA. We consider x-rays with a pulse duration of 20 fs and an intensity of 10 16 W cm −2 and for pulses of 1 ps and 10 ps and an intensity of
where I S and I L are the intensities of high-intensity short-pulse and weak-intensity long-pulse x-rays, respectively. Figure 3 shows the effect of the weak-intensity long-pulse x-rays on the 
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represents the effect of the long-pulse x-rays.
(a) t 2 = 1 ps (16) and (15), respectively: (a) t 2 = 1 ps and (b) t 2 = 10 ps where t 2 is the pulse length of the weak-intensity long-pulse x-rays. The values of R represent the effect of the weak-intensity long-pulse x-rays.
production of the IES, MIES and HA as a function of n (n = 0.001-0.1). In order to show this effect, we introduce the parameter R defined by
where Y and Y S correspond to the x-ray number with and without weak-intensity long-pulse x-rays, that is, R increases in accordance with the effect of the weak-intensity long-pulse x-rays. Figures 3(a) and (b) correspond to t 2 = 1 ps and 10 ps, respectively, where t 2 is the pulse length of the weak-intensity long-pulse x-rays. For small n, n 0.01, only the values of R for IES are larger than those for MIES and HA. Furthermore, the effect of weak-intensity long-pulse x-rays on the production of MIES and HA may be ignored because R has small values (<1%) and is almost the same between t 2 = 1 ps ( figure 3(a) ) and 10 ps ( figure 3(b) ). Therefore, it is found that the x-rays from MIES and HA are better for the measurement of ultra-fast processes than those from IES. 2 as a function of pulse duration for various x-ray intensities of x-ray sources respectively. The ratio remains almost constant for pulses (>20 fs) and depends strongly on the x-ray intensities. Namely, we may use the ratio for the measurement of the x-ray intensities of high-intensity short-pulse x-ray sources.
As mentioned in section 1, fs-pulse x-ray sources are useful for the measurement of ultrafast processes. Therefore, it is very important to measure ultra-short-pulse x-rays. Recently, Ritcher et al have measured short-pulse x-rays based on the photo-ionization of a rare gas [21] . On the other hand, we propose to use the characteristic of MIES and HA, that is, very fast decay and the special conditions required for their generation. We have found some advantages in the measurement of x-ray emission from MIES and HA from figures 3 and 4 as follows; (i) we may be able to remove the effect of long pulse x-rays (see figure 3) , which is useful for the measurement of ultra-fast processes, (ii) we may measure the x-ray intensities 2p 3s2 3p2/3s2 3p2 Figure 4 . The ratio of the x-ray number emitted from the (a) 1s 2 2s 2 2p3s 2 3p 2 ((b) 1s 2 2s 2 2p 2 3s 2 3p 2 ) with those from (a) 1s 2 2s 2 3s 2 3p 2 ((b) 1s 2 2s 2 2p3s 2 3p 2 ) versus pulse duration for various x-ray source intensities (I ).
of fs-pulse x-ray sources by the measurement of the ratio between the x-ray emission from MIES and HA (see figure 4 ).
Conclusions
We found that x-rays, which are emitted from MIES and HA of Si ions excited by high intensity x-ray sources, are greatly affected by high-intensity short-pulse x-rays and little by weak-intensity long-pulse x-rays. The ratio of the x-ray intensities from HA to those from the MIES becomes almost independent of the pulse length and dependent on the intensities of the x-ray sources. These ratios may be used for the measurement of intensities of high-intensity short-pulse x-ray sources.
